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A  B  S  t  t  A  Cl 

liH'HS  -FlUNiAiL  iEMGINiEERIl'NiG  RCiPOIRf  FOR  iPHASE  Jl  il'  OF  TR'E  GONITRAGf  GOVERS  A 
TWELVE^WONTR  PERlOO  i  SOME  iBiACiKOROOiNO  ll N F 0 RMAf  il  O'Ni  iFROM  PHASE  I  HAS 
BIEER!  IINiGiLiODEiD  AS  REFE  RENiCE.  ThE  OEiNiERAiE  OBJEGT  IVE  OF  FROOHi)iG  liNO  A  UOW 
TEMIPERATOHE  GOEFF  IG  HENF  of  RESISTANiGE  (ifCR)  OEV  IGE  FROMl  A  SEW  liGONDOGf  OR 
MATE Ri AiU  WAS  ONEY  PARTiALILY  SWOGESSFUE.  TyPIGAE  TCP  OEV  IGiE  VAlLOES  ABOVE 
ROOM  TEWiPeRATURE  WERE  WEVER  IMOCB  tOWER  THAN  1^0  PiPm/°G  FOR  TRIE  SiUHGONi 
RESISTIVE  EEEMENIT  INVE  ST  IISATEO .  tOW  fEMPERATORE  TCP  VAiLiUES  (aT 
WERE  AROOND  PPMi/°C.  tOAD-'LlFE  STAiBlilTY  AND  RESiSTANiCE  TO  ENVIRON- 

MENTS  (mOISTuRE,  OXIDATION,)  PROVE©  AS  GOOD  AS  OR  BEttER  THANi  TWIN-FILM 
RESISTORS  ON  THE  MARKET i 

SpEgifig  Problems  ENGouiNTEREO  (sugh  as  Ohmig  gontagts,  resistanGE  adjust¬ 
ment,  JUNCTION  EFFECTS,  ETC.)  AND  TWE I R  SOLUTIONS  HAVE  BEEN  D ISGUSSED  IN 
DETAIL.  A  MANUFACTURING  PROGEOURE  FOR  PRODUCING  A  POLYCRYSTALLINE 
SILICON  OEVIGE  HA§  BEEN  INCLUDED  IN  THIS  REPORT. 


A  PROBLEM  OF  TCP  SHIFT  RELATED  TO  THE  P I E Z ORE S I  ST  I VE  EFFECT  IN  THE  SILICON 
ELEMENT,  THROUGH  STRESS  INOUGED  BY  THE  MOLDING  EPOXY,  BECAME  CRITICAL  BUT 
WAS  SOLVED  DURING  THE  LAST  QUARTER.  DATA  ON  LOAD-LIFE  AND  ENVIRON¬ 
MENTAL  TESTS  WERE  ACCUMULATED  ON  1^0  FINISHED  DEVICES  WHICH  ACCOMPANIED 
THIS  REPORT,  POTENTIAL  APPLICATIONS  FOR  POL YCRYSTALL I NE  SILICON  RESISTORS 
WERE  SUGGESTED,  BUT  ADDITIONAL  R&P  WORK  ON  THIS  APPROACH  TQ  A  LQW  TC, 
STABLE  RESISTIVE  ELEMENT  WAS  NOT  RECOMMENDED. 


The  DEVELOPMENT  WORK  PERFORMED  UNDER  THIS  R&.D  CONTRACT  IS  BELIEVED  TO 
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:H!AV£  l»MiP  R  0  V  ED  THE 
-liNi  GEW'EiRAiL,:  A'ND  IS 
STAND  MG  OF  S  I  L  I  GO 


"state -OF -THE -art"  OF  SEiM'l  GONDlijCTOR  iRESIST  IVE  ELEMENTS 
BELTEVEID  to  have  G0NITR(I«!WTE©’  to  a  better  UINDiER- 
N!  AS  A  RESISTIVE  MATE  RIAL. 


-2- 


fURfOSi 


AiNi  AffEMIpf  ms  BEiEN:  .MA'DE  UN0E«  fWliS  CONTlRAEf  TO  DCVELOIP  A  SEiMUl- 
G'ONBWCTOR  IRES  1ST tVE  EILiEMEWT  W1't»  A  iM!ilNii«M'  TEIMPEiRATUiRE  GGEFF  HG  IEMT 
OF  iRESISTAiNGE  |tORi)'  WWiUG.M  WOUL©  EXHiiiBliT  GiREATER  REE  HAiBiHt  ITY  THANI 
METAiL-FHEMi  RESiSTOR'S  PRESEMiTEV  'OW  TIHE  HARIKET  .  SiPEC  IFIG  OB  JEGT  liVES 
WERE  TO  prodwgE  a  Resistor  witmi  <  ^  iPpm/°C  ICR  (fromi  -^O’C  to 
+il’75°G)  AND  WITH  EOA-D-EIFE  STABI'LlTy  GIH  ARAG  TE  R  I  ST  il  G  S  GOMIPARABEE 
TO  THOSE  SPECIFIED  BY  iMiiE-R-lO^D  pREG  ISIONi  F  IXE!D-F  IEMi 

RES  IS TORS. 


The  first  appROagh  was  to  gobSider  boek  sem igonddgtor  elements  ini 

ORDER  TO  GAIN  AN  ADVANTAGE  OVER  THE  IBHERENTLY  WiNREEIABEE  NATURE  OF 
THTNi-FILMi  ELEMENTS.  ?«£  RESISTIVITY  OF  BOLK-TYPE  ELEWENTS  WOULD 
NEED  TO  BE  LARGE  IN  COMPARISON  WITH  METALS*  USED  IN  TH IN-FILM 
DEVICES.  Limitations  on  geometry  of  the  element,  i.e.  cross- 
SEGTIONAL  AREA  AND  ErFECT  IVE  I.ENGTH,  ARE  IMPOSED  BY  PRACTICAL 
CONS  IDERAT  IONS.  llNFORTUNATEEY  THERE  IS  A  LARGE  VARIATION  OF  CON¬ 
DUCTIVITY  WITH  changing  TEMPERATURE  ASSOCIATED  WITH  HIGH  RESISTIVITY 
IN  SEMICONDUCTOR  MATERIALS.  THUS,  IT  WAS  FUNDAMENTAL  TO  RESTRIGT  THE 
STUDY  TO  RELAT  IVELY  LOW  RESIST  IVITY  MATERIAL,  WH  ICH,  IN  TURN,  PRE- 
DETERMINEP  TO  A  LARGE  EXTENT  CONFIGURATION  OF  THE  RESISTIVE  ELEMENT. 

From  the  resistance  equation,  R  =p(^/A),  it  may  be  shown  that  for 
LOW  values  of  "(O"  (resistivity)  the  allowed  ^/A  (effective  LENGTH 

*  Bulk  resistivitv  values  of  alloys  used  for  metal-film!  resistors  are 
approximately  too  micro  OHM-CM'. 
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I.  iPyRFQSE  f  Con  Til  wed)' 

OVER  CROSS-SECT  |iO:NA.Il  A-REa)  .MD'ST  BE  LARGE  TO  OBTAliiNi  REASONABILV  LARGE 
VAiLOES  OF  RES  list  ANiCiE  .  COWS  TDER  I  IS|:G  RES  H  ST  iV  Tt  HES  I  Ni  THE  RAlMGE  OF 
.GO'X  fi-CIMi,  TiHlE  iM>ATl|ijE;MiAttGS.  ©iHOTATES  TTIAT  THIE  ELEiMiEiNt  GlEOMiETiRY  NilOiSf 
eE  OF  A  ILAYER  C  ONF  l'G»RAf  I  ON  F  OR  PR  A  GTHG  AiL  RES  iliS  tANC  E  VALOES.  IH'E 
TW  lOKlNESS  OF  S'WGiR  A  SEMUGONID'OCTOR  'RESHi ST  TV E  LAVER  WdiLiL  BE  MUCR 
GREATER  |  B'V  At  LEASt  TWO'  MAGNiUTtlDEs)  THAN  MET  At -FILM  RESIStUVE  ELE- 
MEiNtS.  I'Ni  FAGt,  It  WOOL©  BE  TIE G»N  I G ALiL V  SOOiND  TO  AS-SiOME  THAT  THE 
B'OILK  PROPERTIES  OF  THE  SEMmIiGONOWGTOR  MATERIAL  WOOILO  PREiBiOH'INATE  OVER 
ANY  iPOSS  I  BILE  TH  IiNi-F  tLM  GHARAGTEiR  I  ST  IGS  ,i 

Base©  on  the  gonglusionis  Regarding  ICR  GhARagTer ist iGs  of  several 

MATERIALS  (t  (TANIA,  S  I'Ll  GON  GARB  IDE  ,  STLIGON  BOR  IDE)  I  NVEST  IGATE© 

INI  Phase  I,  'IT  was  Thougmit  that  a  greater  amount  of  resEargh  and 

DEVELOP  WE  NT  WOULD  BE  HEGESSARV  TO  AGiHIEVE  THE  OBJEGTIVES  OF  THE 
CONTRACT  THROUGH  SElM.il  eONDoGToR  BULK-TYPE  ELEMENTS  THAN  BY  I MPROV  I  NG 
SEM  rCONDyiGTOR-LAYER  ELEMENTS.  SILICON  WAS  CHOSEN  FOR  INVEST  IGATION 
AS  the  SEMIGONDUCTOR  RESISTIVE  MATERIAL  PR  TNG  I  PALLY  BECAUSE  A  GREAT 
DEAL  OF  BACKGROUND  INFORMATION  ON  POPTNG  PROCEOURES,  VAPOR  DEPOSITION, 
DIFFOSIQN  TEGHINIQUES,  ETC.  WAS  AVAILABLE  AT  IeXAS  ISNSTRUMENTS 
illNGORiPORATED  .  SILICON  WAS  CHOSEN  FOR  INV.E  ST  IGAT I  ON  IN  PREFERENCE  TO 
GERMAN lUMi  BECAyiSE  OF  ITS  HIGH  TEMlPERATUIRE  LTMITATION  AiROOND  S0°Q, 

AT  WHilCH  TEMIPERATURE  THE  RESISTIVITY  DEGREASES  RAPIDLY  WITH  FURTHER 
INCREASE  IN  TEMPERATURE.  ThIS  |S  THE  "INTRINSIC"  CO.NDUiCT  ( ON  REG  I  ON 
FOR  THIS  MATERIAL.  SILICON'S  INTRINSIC  REGION  FOR  THE  HIGHLY  DOPED 

ATOMs/ee  .OF  IMiPURITY)  CONCENTRAT  liON  DOES  NOT  BECOME  PREDOMINANT 


U;NT  I  L  ABOUT  ^O0’°C 


PURPOSE  '( CoNf  iiNiyEiD')' 


A.  lOill S'GiyiSj.iON  ar  IWWR I'TY  jCoNDUiGT  |GNl MEOiANI sws 


/At  flHilS  P0:||||»T  ilif  W0ISIL©'  BE  APPROiFRIATE  TO  O Hi SGOSS  TiWE  ELECTiR  IG-Aib 
BEHUAV  IOH  OF  S«LilO0Ni  iWi  iREtATTON:  TO  TElMIPEiRATliJSE .  f  IGOIRE  1'  IS  A 
iFA'MiiiLV  OF  iRESiSTTViliTV  tElMPERATiOiRE  GiURViES  FOR  "iN-TYRE"  SILIGONi  OF 
VARYiliNiG  IWFlsIiRtTY  GOWGiEiCTiRATiHOR..  iHlESE  GiURVES  WE/RE  PLOTTED  FROM 
GALGOLATiE©  VAL«ES  OF  »ES*ST1iVifTy  FOR  VARIOUiS  TiEiHiPERATORiES  AT  AN' 
ASiSOME©  AGf  tVATJiON'  lEiNERG'Y  FOR  AN'  ".'NisTVPE"  iliMiPlSlRil'TY.  iMiE  TEMiPERA- 
TlURiE  RANGiE  OF  i|i.NiTEiREST  HAS  BEEiN  OOtLiNElD  ON  THE  GRAPHiS.  WlTHiil'N 
TMiliS  RANGE  IT  GANi  BE  SEEiN  THAT  ONLY  THE  iH  lG'HLV  DOPED  {  10^^®  1‘0^ 

ATi/co)  MAfiERIAL  EXIHUBtTS  A  MHUIMOM  GHANOe  OF  RESISTIVITY  WITH 
TEIHPERATOiRE.  fttis  Mi'l'iN IMDMI  RESISTIVITY  GIHANGE  WITH  TEMPERATURE  OF 
HIGH  liMPWlR'fTY  ■GONGENiTRAT ION  IS  RELATED  TO  GARRIER  MOBILITV  AS 
SHOWN  IN  F'lGURE  2. 
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KESISTiVlTy 


As  B  rsfuMlON  Me&han  i  sms  (Gont'd) 


FIGWRE  3  IS  A  iM'YPOTKICtlGAIi  GWRVE^  FOR  "n-TYPE"  OR  "P«TYPE" 
MATER  I AL^.  WNIGM  iS  AW  EWiUAROEMEiNT  OF  TMAT  SEGMEiNT  OF  THE  OVER 
AEL  GURVE  WITOIiN  T»E  fiEMiPERATURE  RANGE  AND  iMPlilRlTY  EEVEE 
OF  interests  The  bisOossiom  whigh  foeeows  wieu  expeaIn  In 
GREATER  DETAIE  THE  GONDOGTlOri  MEGHANiSMS  WHlGH  TAKE  PEAGE 
IN  THIS  "eXTRIWSIG"  OR  IMiPlilR  I  TY«DE  PENDENT  REGIONs 


Fig.  3 

There  are  four  general  regions  into  which  The  Resist iv itvs^temperature 
CURVE  may  be  divided  for  PORPOSES  OF  PISGUSSION.  IN  EACH  REGION 
THE  temperature  coefficient  is  PETERMINED  by  CONPUCTION  MECHANISMS 
WHICH  MAY  BE  DESCRIBEP  IN  PAIRLY  SIMPLE  TERMS. 

At  some  arbitrarily  low  temperature,  the  resistivity  is 
OECREASING  as  temperature  is  increased  as  a  result  of  impurities 

BEING  eONTINUOySLY  IONIZED.  MORE  CARRIERS  ARE  THUS  MADE  AVAILS 
able  FOR  CONDUCTION.  As  TEMPERATyRE  Tl  IS  REACHED,  THE  NEGATIVE 

slope  of  the  euRVE  becomes  less  and  then  goes  positive  because 

ALL  the  impurities  HAVE  BEEN  IONIZED  AND  THE  MOBILITY  |5  BEING 
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A  i  Pi  sG  MSS  tom  OF  Imwrity  Co'N&ueT  iiqn  Mechanisms  (  GSn  t  '  d  ) 


|€C|REASE'6  DlilE  TO  tATTIGC  V UBIRAT ION  OF  TME  GRYSTAUi 

Twt=  TigMiPERAfUiRE  At  WHlGiM  THIS  OGGuiRS  IS  DETERMINED  FOR  A 
GIVEN  SEMIGONIDWGTOR  #Y  TWO  TWINiGS:  (  1  )'  TME  DOR  I  NO  EEVEE^ 

(2)  THE  AGflVATlONi  energy  OF  T'H:£  IMRuRlTVi  1n  GENiERAE >  AS  THE 
DOiPING  UEVEL  INGREASES^  The  TEMiPERATuRE  AT  WHIGH  AEU  IMPUiRITY 
ATOMS  ARE  IONIZED  WIUE  INiGREASE.  fOR  A  GIVEN  IMPuRITY  GONGEN- 
tRation,  T|  will  also  ingReaSE  as  The  agtivaTion  Energy  Of  the 
IMPURITY  iNGRgASESi  ThE  REASON  POR  The  DEPENDENCE  OF  T|  On 
AGTIVATION  energy  IS  THAT  BEFORE  AN  IMPuRITy  ATOM  GAN  BE  IONIZED 
AND  Aid  in  gonougtion.  It  must  ACQUIRE  SuEficienT  Energy  from 
SOME  SOURCE.  This  energy  is  known  as  the  agtivaTion  energy  of 
THE  impurity.  Qallium,  for  instange,  has  a  higher  activation 
Energy  than  borons  both  of  which  are  used  to  pope  silicon  to  make 
It  RETYPE.  If  two  silicon  samples  are  TAKEN>  one  DOPEp  WITH  Ga 
TO  5  X  10^®  AND  ANOtHER  P9PEP  WITH  §  To  5  X  10^®,  WILL  BE 
HIGHER  FOR  THE  GA=P0PEP  SAMPLE.  ThE  THERMAL  ENERGY  GIVEN  UP  TO 
THE  SEMieONpyeTOR  IONIZES  THE  IMPURITIES,  HENCE  A  HIGHER  AMOUNT 
OF  THERMAL  ENERGY  IS  REQUIRED  TO  IONIZE  A  Ga  IMPURITY  ATOM  THAN 
IS  REQUIRED  FOR  A  B  IMPURITY  ATOM,  SINCE  THERMAL  ENERGY  IS  PRQ» 
PORTIONAL  TO  TEMPERATURE,  Tl  INCREASES  AS  ACTIVATION  ENERGY 

I ncreases; 

At  Tl  ALL  IMPURITY  ATOMS  ARE  CONSIDEREP  IQNIZEP,  SINCE  A  CONSTANT 
NUMBER  OF  CARRieRS  ARE  PRESENT,  THE  RESISTIVITY  WILL  INCREASE  AS 
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Ai  DisgussiQn  of  lMi*u!RlTY  CQNP»J:cTi:QN  Mechanisms  (GoNt'o) 


THE  MOB  IL  ITY  TS  DEGMASEiD  OiWt  TO  tATT  IGE  V  IBiRAT-IONS  OF  THE 
GRVSTAL.  The  mobility  can  Be  thought  of  ab  the  average  drift 
VEtOGITY  WHICH  A  CARRIER  ( OR  THE  WAVE  ASSOCIATED  WITH  If) 

ACOOilRES  IN  THE  OiREGTlON  OF  AN  APPLIED  ElEGTRIG  FIELD  OF  ONE 
VOLT  PER  CENT  I  METER i  IhE  LATTIGE  VIBRATIONS  DEGREASE  THE  MEAN 
FREE  PATH  OF  THE  WAVES  ASSOCIATED  WITH  THESE  CARRIERS  AND 

Hence  decrease  The  mobility^ 

As  The  TEiMiPERATURE  IS  INCREASED  FROM  CARRIERS  FROM  THE 

Semiconductor  atoms  are  activated  due  to  the  increasep  tmermal 
energy  available*  The  impurity  gomduCTion  dominates  until  the 

NUMBER  OF  carriers  FROM  THE  SEM tCONpyCTOR  ATOMS  APPROACHES  THE 

number  of  carriers  from  The  lONizEp  impurities.  This  occurs  in 

THE  REGION  OF  Tg.  AS  MORE  AND  MORE  CARRIERS  ARE  ACTIVATED  FROM 
The  SEMICONDUCTOR  atoms,  the  Resistivity  starts  To  DROP  since 
THE  number  of  CARRIERS  IS  INCREASING  AT  A  FASTER  RATE  THAN  THE 
mobility  is  decreasing  due  to  lattice  vibratdns.  At  some 

TEMPERATURE,  T^,  THE  POINT  IS  REACHED  WHERE  THE  SEMICONDUCTOR 
GOES  INTRINSIC,  ThIS  MEANS  THAI  ABOVE  THIS  TEMPERATURE  THE 
TEMPERATURE  COEFFICIENT  OF  RESISTANCE  IS  HIGHLY  NEGATIVE  AND 
DEPENDENT  ONLY  ON  THE  SEM I eONDUCTOR  BAND  GAP,  ThE  TEMPERATURE 
Tj,  at  which  the  MATERIAL  BECOMES  INTRINSIC  IS  DEPENDENT  ON  THE 
POPING  LEVEL  ANP  POPING  TYPE  AS  SEEN  FROM  THE  PRECEDING  PISCUSSIPN* 
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PURPOSE  {CoNf iNUEd) 


B  •  A  PjPROAGHE  S  Jd  PEV E  LdPMENf  _6F_  LOW  TCR  E  LELM&Nt 


In  general^  three  approaches  were  coNsibERED  IN  Phase  II  for 

DEVELOPING  THE  SILICON  LAYER  ELEMENT.  ThE  FIRST  OF  THE  TECHNIQUES 

investigated  was  diffusion^  where  The  RESiSTivE  layer  iS  FORMEp  by 
diffusing  Impurities  into  high  resistivity  s inGlE-cryStal  Sub- 
sTRATESi  The  other  Two  approaches  were  vapor  deposition  tegmniques 
FORMING  single-crystal  (EPITAXIAl)  elements  OR  POLYCRYSTALL INE 
layers  OEPOSITed  On  ceramic  SUBSTRATESi 


SOME  Of  the  advantages  and  disadvantages  of  The  three  approaches 
MAY  BE  REITERATEP* 


Apy ant Ages 

0  If FUSED 


A.)  The  layer  is  an  integral  part 
OF  THE  substrate,  I.E.,  IT  IS  A 
MONOLITHIC  structure. 


B.)  Sheet  resistance  may  be  raised 

TO  A  REASONABLE  MAGNITUDE  ( ^PO 
OHMS  PER  square)  WITHOUT  EN¬ 
COUNTERING  problems  associated  WITH 

th in-film  elements.  This  goes  back 
TO  the  fact  that  the  resistive 
layer  is  physically  the  same  as 

THE  SUBSTRATE, 


Pisadvantages 


A. )  Doping  to  an  exact  concen¬ 

tration  (e,G.,  4,5  X  Ipio 
AT,/ec)  BY  DIFFUSION  MIGHT 
NOT  BE  easily  PRODUCEP, 

B, )  Junction  configurations  are 
SENSITIVE  TO  SURFACE  CONTAMI 
nation  which  often  CAUSES 
CURRENT  LEAKAGE  ACROSS  THE 
junction, 

c.)  Single -CRYSTAL  silicon  sub¬ 
strate  WOULD  BE  MORE  EXPEN¬ 
SIVE  than  ceramic. 


Epitaxial  (Vapor  Deposited  on  Single  Crystal  Substrate) 


A.)  The  LAYER  IS  AN  INTEGRAL  PART  OF 

The  substrate,  i.e,,  it  is  a 
monolithic  structure. 


A.)  Junction  configurations  are 

SENSITIVE  TO  surface  CONTAMINATION 
WHICH  SOMETIMES  CAUSES  CURRENT 
LEAKAGE  ACROSS  THE  JUNCTION. 
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2. 


3* 


fplfAXIAL(VAP6R  PEP&SJiTED  ON  SINGLE  CRYSTAL  SUBSTRATE  KCONt  *d) 


Sheet  resistance  may  be  raised  aO 
To  A  REASONABiLE  MAGN  ITUOC  (500 
OHMS  PE-R  SOU'ARE)  Wl'TH'OUt  EwCOUNfER* 

iN'G  proBilEms  associate©  with  Thin 
FluM  EktMENfSi  This  goes  Back  TO 
THE  FACT  That  The  resistive  layer 


Adjustment  of  resistance 
value  will  be  difficult 
(etching  to  a  Prescribed  geome¬ 
try  OR  Electron  beam  cutting 
ARE  Two  possible  METHODS) « 


IS  PHYSICALLY  THE  SAME  AS  THE  SuBSTrATE» 


C.)  Distribution  OF  impurity  atoms  C.)  Single  Crystal  silicon  sub- 
Closely  approximates  that  of  strate  would  be  more  expen- 

CiryStals  grown  From  mElt^  hence  a  sive  Than  ceramic . 

uniformity  within  tme  layer  is 
obtaine©.  This  means  that  the 
Element  Could  be  etcmeo  to  reduce 
LAYER  Thickness  (raising  sheet 
resistance)  yet  retain  the  same  TCR 

CHARACTERISTlCSi 


Polycrystall iNE  (yApQR  Deposited  on  Ceramic  SuBSTRAtE) 


A.)  A  thick-layer  has  less  chance 

FOR  DEVELOPING  HOT  SPOTS  WHICH 
COULD  CAUSE  CATASTROPHIC  FA  I  LURE. 


B.)  Thermal  conductivity  Of  the 

ceramic  substrate  is  greater  Than 
SILICON^  hence  would  show  greater 

OISSIPATION  OF  POWER. 

c.)  The  ceramic  material  is  a  less 
EXPENSIVE  substrate  and  ALLOWS 
more  flexibility  in  design. 

D.)  Resistance  AojusTMENt  is  more 
practical. 


A. )  Not  monolithic  with  sub¬ 

strate.  Silicon  and  alumina 

CERAMIC  HAVE  DIFFERING  THERMAL 
EXPANSION  COEFFICIENTS  ('Vljg). 

B. )  POLYCRYSTALL I NE  LAYER  WOULD  NOT 

BE  AS  EASILY  CON TROLL IP  FROM  A 
resistivity  standpoint  AS  WOULP 
EpITAX  lAL. 

c.)  The  minimum  layer  thickness 
IS  LIMITED  for  practical 
reasons  to  greater  Thicknesses 

THAN  either  DIFFUSEP  OR  EPI¬ 
TAXIAL;  this  means  a  lower 

POSSIBLE  SHEET  RESISTIVITY, 


The  major  effort  of  the  pevelppment  work  has  been  with  the  vapor- 


PePosition  approach.  Early  in  the  second  phase  of  the  work  it 


became  apparent  that  the  p iffusep-layer  approach  hap  many  inherent 

PROBLEMS  AND  LIMITATIONS.  ThE  FOREMOST  OF  THESE  WAS  THE  JUNCTION 


EFFECT  AND  ITS  ASSPCIATEO  TEMiPERAtyRE  pEPENpENCY,  I.E.,  THE  PROBLEM 
OF  CURRENT  LEAKAGE  ACROSS  THE  P-N  JUNCTION,  ThE  ELECTRICAL  ISOLATION 
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i.  Approaches  To  DtvE44^ELNT_:0F_iw,fCR  Element  (GOnt’d) 

Of  the  more  conductive  kAvER  FROM  Its  substrate  is  dependent  upon 
THE  effectiveness  Of  tme  junction  to  prevent  current  passage 

THROUGH  OR  ACROSS  THE  SURFACE  OF  THE  JUNCT I  ON i  CONDUCT  I  ON  ACROSS 

THE  Surface  which  Exposes  the  LAYER'SuBSTRAtE  junction  is 
gREATey  iNFluENCED  BY  Cleanie iNESSi  CONTAMINATION  REhAINinG  On 

The  Surface  of  junctions  is  one  of  the  most  criticae  probeems 
In  The  fabrication  of  semiconsuctor  devices.  The  effect  of 
junction  leakage  of  The  high  temperatures  (above  iOO^C)  seveReey 
affected  The  TCR  at  the  Diffused  elements  and  wOueD  have  limited 
Their  usefulness  at  these  elevated  temperatures.  The  inability 
TO  REPRODUCE  THE  EXACT  DOPING  EEvEL  OF  ThE  DIFFUSED  LAYER  (hENCE 
ITS  TCR  characteristics)  WAS  ANOtHER  MAJOR  PROBEEM  WITH  THIS 

approach. 


Vapor  deposition  by  pyroeytic  reduction  of  a  silicon  halide  was  a 
MUCH  MORE  practical  APPROACH.  THICKNESS  OF  THE  SILICON  LAYER  AND 
concentration  of  The  imipoRity  (boron  for  p»Type,  phosphorus  for 
n*type)  was  more  easily  controlled  than  by  piffusion.  Polycrystal 

LINE  layers  gave  INDICATION  AT  THE  EARLF  STAGES  OF  PEVELOPMENT  OF 
HAVING  MORE  PROMISING  TCR  CHARACTERISTICS  THAN  THE  SINGLE  CRYSTAL 

(epitaxial)  material.  There  was  not  the  problem  of  junction 

EFFECTS  with  SILICON  DEPOSITED  ON  INSULATING  SUBSTRATES  AND  OHMIC 
contacts  to  THE  element  COULD  BE  MADE  MORE  STABLE  ( MECHAN  |  CALLy) . 

Presented  under  the  Detailco  Pactual  Data  section  of  this  report 
WILL  be  a  discussion  OF  MORE  SPECIFIC  PROBLEMS  ENCOUNTERED  IN  THE 
DEVELOPMENT  OF  THE  SILICON  LAYER  ELEMENT. 


1 


t 

t 

\i  PURPOSE  (CoNf inued) 

I  Ci  GhCM  I  STRY  _yAPO^  QE  POS'I  t  i  ON 

As  IS  WElit  KN6WN>  silicon  GAN  BE  PRODUGEb  BY  THE  HIGH  TEMPERATURE 
REOUGTION  Of  SILICON  MALIbES  BY  HYbROGEN<  ThE  SIMPLIflED 
Equation  is  shown  below* 

(1)  SiCl4(6)  +  aHg(G)  S!(S)  +  4ncl{s) 

In  a  kinetic  system  such  as  the  system  used  in  this  study^  the 
Reaction  is  complicated  by  several  side  reactions.  The  Two  most 
prevalent  Side  Reactions  are  the  formation  of  chlorosilanes 
{SiHxCl(4«x))  and  CmloROSIlane  polymers  ^H;(SiHxCLgsx)Y*{]* 

The  formation  of  chloROsilanes  Causes  no  difficulty  in  The  forma* 
TiON  OF  silicon  deposits  since  The  chlorosilanes  are  gaSEOuS  in 

THE  REACTION  SYSTEM  AND  ARE  READILY  SWEPT  FROM  TmE  REACTipN  ZONE. 

The  formation  of  chloRosilanE  polymers,  however,  is  detrimental  to 
THE  formation  of  silicon  deposits  SINCE  THE  POLYMERS  MAY  CODEPOSlT 
WITH  The  SILICON  AND  CONTAMINATE  THE  DEPOSITED  SILICON  LAYER. 

Both  side  reactions  can  be  controlled  by  a  judicious  choice  of 

REACTION  CONDITIONS.  At  TEMPERATURES  BELOW  APPROXIMATELY  TO^®C; 
POLYMERIC  CHLOROSILAMES  ARE  READILY  FORMEO,  ABOVE  105Q®C  POLYMER 

formation  is  reduced  to  a  non*!Detcctablc  level  in  the  silicon 
deposit.  Tmerefore#  if  the  silicon  deposition  is  carried  out  at 
temperatures  in  excess  of  nO0“e,  high  quality  silicon  DEPOSITS 
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G.  Chemistry  of  Vapor  Deposit  ion  (Cont’d) 


FREE  OF  POLYMERIC  CONTAM IMAt I  ON  ARE  FORMED^ 

AGCORDING  to  equation  (1)  ABOVE>  A  MOLAR  RATIO  OF  2:1  OF  HYDROGEN 
TO  SILICON  TETRAGMiLORIDE  IS  REQUIRED  FOR  THIS  REACTION.  A  MOLAR 
RATIO  LESS  THAN  2:1  WOULD,  OF  gOuRSE>  HiNDER  The  FORMATION  OF 
SILICON  and  tend  to  produce  undesirable  BYBpRoDUCTSi  A  MOLAR 
Ratio  of  Hg:SiCL4  greater  than  2:1  would  be  expegted  to  "force" 
the  reaction  to  The  Right  FAvOring  THE  formation  OF  Si(s)i 
Although  ThE  higher  mOlar  Ratios  OF  H2:SiCl4  might  BE  EXPECTED 
To  promote  The  FORMATION  OF  SILANE  (SlH4),  This  POSSlBlLiTy 
CAUSES  NO  PROBLEMS.  IF  SILANE  WERE  FORMED  IT  IS  A  GASEOUS  MATERJAL 

and  would  be  swept  Out  of  the  reactor  in  The  flowing  gas  system. 
Also,  silane  and  its  higher  homologs  (e.g.,  $i2H$>  SijNg,  etc.) 

ARE  Thermally  unstable  and  wduLD  decompose  at  The  temperatures 
ENCOUNTEREP  in  the  reaction  zone  to  form  silicon  and  HYDROGEN. 

In  PRAGTIQE  a  molar  ratio  of  hydrogen  to  silicon  TeTrachLOR IDE 
GREATER  than  TWENTY  (20)  IS  EMPLOYEP,  NORMALLY,  A  SILICON 
TETRACHLOR IDE  CONCENTRATION  BETWEEN  ONE  (l)  ANB  FOUR  (4)  MOLE 
PER  CENT  IN  HYDROGEN  IS  USED, 


Sample  cALcyLATiON  of  impurity  doping  level  for  SiCl4: 
If  the  pesirep  impurity  level  is  ^,0  x  10^9  at./cc 
P  IN  Si,  (see  figure  ^),  this  would  be  equivalent  to 
approximately  .002  omms*^cm  material, 


S  i  ;  1-^31  ^  6^02  X 

2b. 09  g/g-atom 

5.0  X  IO^^at./gc  (P) 

5iO  X  10®®  AT./CG  (Sl) 


ATi/o-ATOM  =  X  10^®  AT. 

X  100  =  .10  MOLE  %  P  IN  Sl 


SiCli,:  ■  4 X  6. 02  x  10^^  moleguues/mole  = 
^  169.09  g/mole 


5*2^  X  10^^  moleGoiles/gc  or  5. 24  x  lO^*^  molegules/l  1  ter 


24 


PGlj  needeo  to  dope  SiCulf  To  the  PREoeTeRmined  lEveu  .10  x  tO"®  x 


5.24  X  10^^  kiolecui.Es/u:ter  =  5‘t4  x  lO' 


21  MouEGuuES  or  PCl 


uiTER  OF  S I  Cl  If 


1  . 


PCu 


X  6.02  X  10^^  molecules 


,  . i  .57  _ 

^  137*39  G/molE 


6.88  X  10^^  molECules/gc. 


5.24  X  10^^  molEcolEs  of  PClj/liter  of  SiCl4 

-■  -  ■■  ■■  =” 

6188  X  10  mplEcules  of  PCL3/CC  OF  PCL3 
g.^e  OF  PClj/lITER  of  SiGl4. 

Th  is  calculaT ion  assumes  That  the  molar  Rat  io  of  PGl^  in  SiCl4 

THE  FEED  MIXTURE  WILL  BE  PUPLICATED  AS  A  P  IN  Sl  RATIO  IN  THE 


PYROLYTIC  deposit. 


FIGURE 


eONCaJriV\TION  (  atom/cc ) 

FIGURI  4 
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C .  Measurement  PROGEBijiRES 


MlL-R>l!05090i  CHARAGfERIStlC  C,  MAS  BEEN  USED  AS  A  GUIDE  IN  TEStlNG 
FiNiSHED  DEViCESi  foR  EVALUATION  OF  THE  RESiSTIVE  ELEMENT  THE 

following  special  Equipment  was  used: 


Test 

1 i  Sheet  resistance 
2i  TmicknesS  of  layer 
Note:  An  Example  OF  a  Silicon 
LAYER  PMOTOGRAPHED  UNDER  SODIUM 
LIGHT  FOR  tHIGKNESS  MEASoRE* 
MEN?  MAY  BE  SEEN  IN  THE 
SUPPLEMENtARY  DATA  SECTION. 

3.  TCR 


fQUjPMENT 

FOuRapoiNt  PROBE  TEST  SEf^ 
LAPPING  APPARATUS^  MICROSCOPE 
WITH  CAMERA  ATTACHMENT j  SODIUM 
LIGHT  SOURCE. 


Silicone  oil  BAtHS>  tempera¬ 
ture  CONTROLS;  Chamber  for 


LOW  TEMPERATURES 


DETA ILED  FACTUAL  DATA 


Ai  Spec  i  c  PRMt&Mi^AfltAS 

1.  OWMic  CONfAGfS: 

Perhaps  the  most  criticau  problem  to  be  solved  in  the  DEvELoPMENt 
OF  THE  Silicon  resistive  element,  other  than  the  fundamental 

PROBLEM  OF  minimizing  TCR,  WAS  THAT  OF  PROVIOiNG  ELECTRICALLY 
AND  MEGHAN IGALLV  STABLE  CONT/CTSi  MOST  OF  THE  VARIATION  IN 
RESISTANCE  UNDER  LOAD  CONDITIONS  RELATED  TO  INSTABILITY  OF 
The  ohmic  CONTACT  TO  The  silicon  element. 

Three  methods  for  making  ohmiC  contact  were  evaluated;  nickel 
plating^  gold  and  palladium  evaporation,  and  plasma  spraying 
OF  Aluminum  and  copper.  Of  these,  the  plasmA»sPRayeD  Al*Cu 
AND  soldered  lead  ATTACHMENT  PROVED  TO  BE  THE  MOST  RELIABLEi 
The  OTHER  TWO  methods,  plating  and  evaporation,  resulted  in 
OHMIC  Contacts  but  did  not  have  the  necessary  mechanical  strength 
for  Good  stability.  Eead  wires  are  normally  ball»Bpnoed,  a 
Thermocompress  I  on-type  bond,  to  the  evaporated  metal  areas.  This 
technique  is  used  for  making  ohmic  contact  To  silicon  network 
DEVICES  but  was  not  SUFFICIENTLY  SUBSTANTIAL  FOR  THE  HIGHER  POWER 
RCQUIREMENTS  of  a  PISCRETE  RESISTOR.  LpAO  LIFE  DATA  AND  NOISE 
MEASUREMENTS  WERE  USEP  TO  EVALUATE  THE  CONTACT  METHODS  ( SEE 

Supplementary  Data  Section),  A  micrqphotograph  of  a  cross» 

SECTION  THROUGH  THE  PLASMA«SPRAYED  SOLDER  CONTACT  MAY  BE  SEEN 

IN  figure 


,17, 


Cross’^Sectfoh  of  Contact  Area 
Polycrystal  line  Silicon  on  Ceramic 
(50  X) 

FIGURE  5 
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Copper  Lead  Soldered 
to  Plasma  Sprayed  ContaGt 


Con  tact  and  Si  I  I  con 


Alumina  Ceramic 


Speg  If  ij  Prqbuem^Aweas 

2,  Resistance  Adjustment: 

The  DEvE'UdpmEnt  of  the  sEmigonductor  EuEhent  was  to  be  oirEctep 

TOWARD  A  MORE  RELIABtE  MCfMOp  OF  ADJUSTING  THE  VALUE  OF 
RESiStANCE  THAN  BY  PURELY  MEGHAN  I GAL  MEANS  ( SUGH  AS  SPIRALLING 
‘with  an  abrasive  WHEEi4  which  is  standard  PRACtlGf  FOR  CARBON 
AND  METAL  film  RESISTORS^  TwO  TECHNIQUES  FOR  ADJUSTING  THE 

resistance  of  the  Silicon  element  were  iNvESTiGATED.  The 
FIRST  WAS  A  standard  TECHNIQUE  EMPLOYED  IN  MOST  SEm I GOnDuctOR 
DEVICE  fabrication  work;  i.E.>  MASKING  and  ETCHiNGi  The  SECOND 
WAS  The  more  novel  approach  of  electron  beam  scribing. 

The  photo-masking  and  etching  teghniquE  waS  PESCRibeD  in  Petail 
IN  PREVIOUS  REPORTS.  TO  PRODUCE  A  PREPeTERM INEp  RESISTANCE 
VALUE  REQUIRED  A  PRESCRIBED  PATTERN  ON  THE  PHOTOGRAPHIC  MASK. 

Chemical  etching  simply  removes  the  silicon  which  has  not  been 
protected  by  The  exposed  and  developed  ReSin  (KM|R,  Kodak 
Metal  Etch  Resist),  KMER  is  a  photo^’SEnsitive  resin  which, 
after  polymerization,  has  excellent  acid  resistance.  Using 

THIS  technique  IT  WAS  POSSIBLE  TQ  OBTAIN  PATTERNS  WITH  LINES 
AND  SPACINGS  as  narrow  as  S  mils  ( ,002")  with  good  definition. 
Base  values  of  approximately  ^  ohms  could  be  etched  to  values 
OF  TOOK  AND  ABOVE.  (See  microphotographs  of  etched  patterns  on 

SINGLE-CRYSTAL  AND  POLYCRYSTALL I NE  SILICON  IN  FIGURES  6  AND  7 
respectively,) 


Etched  Pattern  of  Single  (Epitaxial)  Crystal  Silicon  Layer 

FI  GURE  6 


Etched  Pattern  of  Polyerystalline  Silicon  Layer 
FIGURE  7 
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Spec  i  f  i  c_PR6Bi.iEM„  A«gA>  (GonT'o) 


fUEGfRON  BEAM  SGRIBING  WAS  DONE  WITH  A  MACHINE  BUlUT  BY  ThE 

Zeiss  Gohpanv  in  Germany.  The  TEeHNiouE  combines  melting  and 
evaporation  by  a  HIGM'lNTENSiTY  ELECTRON  BEAM  WHICH  CAN  BE 

pogused  in  A  gontrollaBlE  manner^  The  equipment  allows  the 
Substrate  to  be  maneuvered  for  sgribing  (or  welding)  pre^ 
determined  patterns.  Both  single  and  polygrystall ine  elements 
WERE  SGRIBED  BY  THIS  TEGmmiquE  To  lengthen  AND  NARROW  THE 
ReSisTange  path 4  Thus  increasing  the  RE  si  stance  value  or  the 
Element.  fiGuRE  S  shows  an  example  of  scribing  pOlycrystall Ine 

Si L ICON  (DE POSITED  ON  AN  ALUMINA  CERAM  I C  SUBStRATE), 

OF  THE  TWO  methods^  photo  MASKING  AND  ETCHING  WAS  EMPLOYED  AS 
The  PRINCIPAL  MEANS  OF  INGREASING  The  RESI stance  above  base 
VALUES*  SINCE  THE  TECHNIQUE  WAS  ALREADY  KNOWN  AND  PRACTICED  IN 

The  immediate  laboratory  area*  The  potential  advantage  of 
electron  Beam  scribing  as  a  method  of  adjusting  the  Resistance 
WHILE  monitoring  the  VALUE  WAS  NOT  OVERLOOKED*  ThE  ZEISS  ELECTRON 
BEAM  EQUIPMENT  WAS  A  RESEARCH  MODEL  WHICH  WAS  NOT  READILY  AVAILs 
ABLE.  The  SCRIBING  OF  ANT  LARGE  NUMBER  OF  ELEMENTS  WOULD  NOT 
HAVE  BEEN  AS  PRACTICAL  AS  THE  ETCHING  TECHNIQUE. 

jNCREASED  Sheet  Resistance; 

One  serious  LIMITATION  OF  THE  SILICQM  RESISTIVE  ELEMENT  WAS  THE 
LOW  RESISTIVITY  NECESSARY  FOR  LOW  TCR*  WHICH  IN  TURN  YIELDED  LOW 
SHEET  resistance  OF  THE  DEPOSITED  LAYER.  Bulk  RESISTIVITY  OF 


ileetrpn^Beqm  Scribed  Pelycrysralllne  Silicon  Layer 
FIGURES 
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Increased  SHtEt  Resistance  (Cont'd) 


MATERIAL  FOUND  TO  BE  OiPTlM'UM  FOR  GOOD  TGR  CHARACTER  I  ST  I  GS  WAS 

Approximately  OHM^cMi  Sheet  r-esistange  values  FOR 
THICKNESSES  OF  about  THREE  MICRONS  (aPPROX  .12  MILs)  WAS 
ABOUT  eight  (8)  Q./sq  On  Single  Crystal  (epitaxial)  LAYERS. 

The  POlygRySTall ine  material  OF  cOmpARaSle  Thickness  gave 
HIGHER  Sheet  Resistance  values  (apPROx  20  n/so)  FOR  the 
Same  doping  level. 

attempts  were  made  To  INCREASE  The  SHEET  RESISTANCE  OF  DIFFUSED 
LAYER  elements  By  MORE  SHALLOW  diffusions  into  The  SILICON 
Substrate.  Values  as  high  as  300  O/so  were  obtained  on 
Diffused  elements.  But  The  uncertainty  pF  Repeating  these 
Results  coupled  with  generally  unstable  resistance  values 
MADE  These  attempts  unfruitful. 


The  problem  of  increasing  the  sheet  resistance  oF  deposited 
silicon  layers  was  never  satisfactorily  resolved.  The  ouestion 
still  unanswerec  is,  what  minimum  thickness  of  silicon  may  be 
deposited  without  sacrificing  reliability  of  the  Resistive 
ELEMENT.  Improved  stability  of  the  semiconpuctor  layer  elements 
IS  based  on  greater  thickness  of  the  silicon  RELATIYE  to  metal 
or  carbon  film  elements.  To  decrease  thickness  would  presumably 
REDyCE  The  reliability  of  the  element,  since  the  hagniTupe  of 
thickness  would  approach  that  of  thin  film  elements  and  not 

BE  ANY  more  RELIABLE  FROM  THE  STANDPOINT  OF  OVERLOAD  CAPABILITIES 


Speg I Fic  Problem  Areas  f Gont *d) 


4 .  Jung  t i on  Pr  obue ms : 

Mentioned  EADiEiER  were  the  difficulties  engOuntebEd  withi 

DiFFUSED  AND  EPITAXIAL  ELEMENTS  DUE  TO  THE  P-N  JUNCTION 
SURFAGE  EFFEGTSi  ThE  REVERSE  GURRENT  lEAKAGE>  UNRELATED  TO 
ZEnER  ORAVALANCHE  BREAiKO0v/|y| j  IN  A  P«N  JUNCTION  CAN  BE  APpREs 

Cl  Able  if  the  surface  of  the  semiconductor  material  is  contaminated 
WITH  residual  GMEMICALS  (METALLIC  SALTS>  ETC.)  WHICH  ARE  CON# 
OUCTiVEi  In  The  MANUFACTURE  Of  DIODES,  RECTiFlERSy  ETC., 

EXTREME  care  MUST  BE  EXERCISED  TO  KEEP  THE  JUNCTION  SURFACE 

Clean  and  to  passivate  The  surface  (bt  Thermal  oxidation^ 

FOR  example)  of  The  material.  The  problem  of  instability  of 
resistance,  in  The  Evaluation  OF  diPfuseb  Elements,  was 
BELIEVEP  to  Be  relaTep  To  The  sensitivity  of  The  junction  which 
ISOLATES  The  more  miohlt  oopep  later  from  its  substrate. 

Surface  PROTEctiON  with  silicone  varnish  helped  minimize  tHf 

GURRENT  leakage  AT  HIGHER  f EMPERATuRES,  BUT  ROOM  TEMPERATURE 

instability  remained  a  problem. 

Ohmic  contacts  to  the  piffusep  and  epitaxial  Elements  were 

ALSO  COMPLIGATEO  BY  THE  PRESENGE  OF  THE  p-N  JUNCTION.  In 
SOME  GASES  THE  ALLGYED  eONTACT  WOULP  PENETRATE  THE  LAYER  TP 
THE  SUBSTRATE  AND  THUS  INTRODueE  A  PARALLEL  RESISTANCE  WITH 
THE  resistive  LAYER  ITSELF.  ELEMENTS  WHICH  WERE  FGRMEp  BY 
VERY  SHALLOW  DIFFUSIONS  WERE  ESPECIALLY  PRQNE  TO  DO  THIS. 

This  contact  problem  pip  not  exist  with  elements  depositep 


.  JiUlNC  t  I  ON  PR  OBL  E  MS  (  COM  T  '  D  ) 

ON  INSU^LATING  SOBStRAtESi 

5.  SnirtiNG  TGR  On  Packagingj 

A  problem  Of  NiON»REPRODyC  IB  IU  ITY  op  TGR  GHARAGtER  IST  ICS 
became  GRIflGAL  IN  THE  LAST  QUARTERi  ThE  TOR  UNENG A PSUL AT E6 
elements  were  found  to  increase  as  much  as  123  P'Pm/®G  (at  65°G 
AND  175“C)  after  mold  I  NiG  in  the  final  package  i  The  increase 
IN  resistance  and  TGR  wAS  due  fo  A  p iezores 1  ST ivE  Effect  caused 
BY  AN  induced  stress  IN  THE  SILICON  EUEMENTi  ThE  STRESS  RE» 
SulTED  from  contract  I  On  OF  the  epoxy  potting  compound  as  the 
DEVICE  WAS  COOLEO  FROM  SOO”G  (fINAL  CURE  TEMPERATURE)  TO  ROOM 

temperature. 

ivipENCE  OF  the  piezoRES iST ive  eefect  in  the  silicon  Elements 

MAY  BE  SEEN  FROM  PLOTS  pF  RESISTANCE  VERSUS  TEMPERATURE  BEFORE 
AND  AFTER  ENCAPSULATION.  (SEE  FIGURE  ^)  ThE  SOLUTION  TO  THE 
PROBLEM  WAS  TQ  USE  A  RESILIENT,  LOWER  SHRINKAGE^  EPOXY  AS  THE 
FINAL  ENCAPSULT ION. 


B.  Res  I  stance ^Temperature  Characteristics 
1,  Diffusep  Elements: 

Typical  R«T  curves  for  gallium  pififusep  elements  of  varying 
SURFACE  concentration  MAY  BE  SEEN  IN  FIGURE  IQ.  ThE  SHEET 
RESISTANCE  OF  THESE  ELEMENTS  RANGEP  FROM  50  TO  TOO  fl/sQ. 
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Diffused  Elements  (Cont’o) 


JUNiGTION  DEPTM,  WAS  APPROXIMATELY  0^3  MILS  (i0003")i  MINIMUM 
TCR  VALUES  WERE  OBSERVED  AT  4a  GONGENf RAT  I ONS  OF  APPROXIMATELY 
5  X  10^®  ATOMS/cGi  A  HIGHLY  NEGATIVE  TGR  BELOW  ROOM  TEMPERATURE 
WAS  GWARACfEiRlSTIG  FOR  ALL  GONiCENTRAT  I  ONS  OF  GA  I  NVEST  I  GATED  ^ 

This  low  Temperature  behavior  is  a  fungtion  of  the  agtivation 
energy  Of  The  majority  gaRRiERS  in  the  Sem igondugtor  material^ 

As  The  impurity  atoms  are  ionized  with  increasing  tempeRatoRe> 
THE  resistivity  OEGREASES  RAPIDLT  from  25®G. 

The  rate  of  degrease  in  resistivity  with  Temperature  in  This 
LOW  temperature  region  is  proportional  to  The  amOunT  OF  thermal 
ENERGY  needed  to  gomplETEly  ionize  thE  garrieRs  “  Whigh>  in 
Turn,  is  A  Function  OF  the  thermal  activation  energy  of  pRE^ 
dominant  impurity  atoms.  Gallium  has  an  activation  energy  in 
SIL  ICON  oF  ,065 


Epitaxial  ElEmenTsi 

Figure  n  shows  RESlSTANCE-TEMPERATyRE  curves  for  epitaxial 
silicon  of  approximately  the  same  phosphorus  doping  level 

OEPOSITEP  at  two  THieKNESSES.  By  GROWING  A  VERY  THIN  (aPPROXIb 
MATELY  0,1  MIL,  .0001")  LAYER  EPITAXIAL  ELEMENT, THE  SHEET  RE« 

SI  STANCE  WAS  INCREASED  TO  ABOUT  100  R/sQ.  ThE  IMPROVEMENT  IN 
TCR  CHARACTERISTIC  IS  BELIEVED  TO  BE  DuE  TO  THE  HIGH  PISLOCATION 
DENSITY  AT  THE  INTERFACE  OF  THE  THINNER  LAYER.  |N  THE  THINNER 
LAYER,  most  OF  THE  CONDUCTION  OCCURS  IN  THIS  HIGH  DISLOCATION 


TEMPERAfURE  ("C) 


t*  fPiTAXIAiU  lUEMENtS  (CoNT'd) 


REGION  AND  THE  GONDUGT 1  ON  .  MEGHAN  I  SM  IS  DETEiRMINED  MAINILV  BV 
THE  DiSUOGATIONSi  In  THE  THIGK  EAYER  MOST  Of  THE  GONDUGTION 
OGCUiRS  AWAY  FROM  THE  INTER'FAGE  AND  THE  GONOUGTlON  MEGHANISM> 

WITH  REFERENGE  To  TEMiPERATOiRE  GHANiGES>  is  more  Typigal  of 
BOUK  EUEMENTSi  As  STATED  PREVIOUSLY^  THE  temperature  dependence 
OF  THE  JUNGTlON  LEAKAGE  ALSO  HAS  AN  EffEGT  ON  THE  BEHAVIOR  OF 

The  resistance  at  the  higher  temperatures^ 

In  The  gOurSE  Of  The  WORK  iT  bEGame  apparent  That  The  TGR 
ghaRaGTERiSTiGS  Of  Single  GRystal  layers  were  not  suffiGiENTuY 
REPROOUC IBLE>  nor  were  TCR  values  as  low  as  GOULD  BE  OBTAINED 
with  polycrystall inE  elements. 

5.  POlygrystall INE  £lEmEnts: 

flGURE  12  IS  A  typigal  CURVE  fOR  AN  N^TYPE  POL YCRySTALL I NE 
SILICON  element.  Minimum  TCR  values  foR  Polycrystall ine 

ELEMENtS  WERE  OBTAINED  AT  DOPING  LEVELS  OF  APPROXIMATELY 
5  X  10^9  ATOMs/eC  OF  PHOSPHORUS.  FURTHER  INCREASE  IN  DOPANT 
DID  NOT  IMPROVE  THE  OVER  ALL  CHARACTERISTICS  OF  THE  TCR  CyRYE, 

The  shape  of  the  curve  (normalized  resistance  vs  temperature) 

APPEARED  TO  BE  AN  INHERENT  CHARACTERISTIC  OF  ALL  THE  POLY^ 
CRYSTALLINE  ELEMENTS  EVALyATED,  VARYING  THE  AMOUNT  Of  DOPANT 
IN  THIS  HIGHLY  DOPED  REGION  (l0^9  TO  lO^  AT./cc)  TENDED  TO 
SHIfT  THE  MINIMUM  POINT  ON  THE  CURVE  BUT  DID  NOT  IMPROVE  THE 
OVER  ALL  TCR  CHARACTERISTICS.  FIGURE  13  IS  A  CONtiNUPUS  PLOT 
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TEMPERATURE  ("C)i 
FIGURE  13 


POLYGRYStALU INE  EiEMENTS  (GONT'd) 

Of  D  If  FERENf  I AL  VOUtAGE  VS  TfEMPE  RAT  URE  FOR  OIIE  OF  THE  POtY- 
GiRYSTALL  INE  ELEMENTS. 

A  STa&Y  WAS  MADE  Of  TCR  AS  A  FiJNGflOfl  OF  SHEET  RESISTAriGE. 
SliEET  RESlStANGE  IS  DEPEMDEmT  UPON  BOTH  BOPItlG  LEVEL  (buLK 

RESIST  IV  If y)  and  Th  ickness. 


The  table  below  lists  the  sheet  resistamcE  values  measured 
On  a  series  of  deposition  Runs  And  shows  The  tCR  OBTAmED  fRoii 
The  ELEMEMtSi  Deposit  ION  conditions  OF  TEmpeRat'jRE  ,  gonGEn* 
TRatioh^  and  time  were  held  constant  in  these  Runs* 


Sheet  re  si  stance 

tCR 

n/sQ 

*j33:r 

AT  IT'S” 

16. 9 

-  42 

AI71 

ii:.9 

+ 

+229 

13.3 

+  55 

+195 

a. 4 

•  21 

+16 1 

17^5 

-  53 

+'35 

i4.4 

-  47 

+136 

17.6 

+  63 

+206 

13. S 

+105 

+237 

18.6 

,100 

+  82 

15.8 

+  42 

+230 

There  appears  to  be  no  correlation  in  sheet  resistance  within 
the  lTmiteo  n/sq  values  obtained  and  the  TCR  above  room 


3.  NlYCRVSTA4U  INE  EtEMENtS  (GONT'd) 


temperature  i 


Of  iNTEREsT  WAS  THE  tor  of  a  single  crystal  Element  and  a 
polycrystall inE  element  oE'PoS iTED^at  The  same  time  in  The 
REagTor.  The  single  crystal  Slice  (eTgh-pOl i Sued  SuRFage) 

WAS  PLACED  adjacent  TO  AN  ALUMINA  CERAMIC  SUBSTRATE  IN  THE 

reactor  and  silicon  was  deposited.  The  sheet  RESiSTange  of 
the  siNGLE  Crystal  element  was  approx imaTEuy  one  half  The 
VALUE  OF  THE  POLYGRYSTALL INE  EcEMENTi  MEASURED  resistance 
Changes  with  increasing  temperature  showed  that  the  single 
crystal  element  HAD  A  HIGH  POSITIVE  TGR  (approx  1200  PPm/*C 
AT  175°C)  WHILE  The  polvcrysTall INE  Element  showed  a  TYPleAL 
TOR  VALUE  FOR  THIS  DOPING  LEVEL,  I.E.  APPROX  150  PPm/’C. 

grain  boundaries  in  POLYCRysTALLINE  material  were  believed  TO 

HAVE  A  significant  EFFECT  ON  ThE  ELEGTRICAL  BEHAVIOR  OF  THE 

RESISTIVE  elements,  at  The  boundary  of  each  crystallite.  There 
WOULD  be  a  concentration  of  Physical  defects  (dislocations} 

AS  WELL  AS  A  greater  CONCENTRATION  OF  IMPURITY  ATOMS.  THE 
interface  between  THIS  MORE  HIGHLY  DOPED  BOUNDARY  AREA  AND 
THE  crystallite  itself  WOULD  CONSTITUTE  A  POTENTIAL  BARRIER. 
This  could  explain  the  relatively  greater  sheet  resistance 
OF  POLYCRYSTALLINE  OVER  SINGLE  CRYSTAL  LAYERS  OF  COMPARABLE 
DOPING  LEVEL,  ThE  TEMPERATURE  DEPENDENCE  PF  THE  CONDUCTIVITY 
WOULD  BE  A  FUNCTION  OF  THE  CRYSTALLITE,  ITS  GRAIN  BOUNPARY, 
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38  PoUYGRVSTAUtlNE  ELEMENTS  (CqNT’d) 


AND  THE  mTEREAGE  BETWEEN.  f«£  POTENTIAL  BARRIER  ACROSS  THE 
INiTERFACES  WOULD  HrAVE  A  TEMipE  RAT'URE  aOE  PE  DENT  GOIslD>U€T  IV  I  TV 
SIMILAR  TO  A  LOW  BREAKDOWN  D I  ODE  8  A  MyiLTITUDE  OP  THESE 
GRYSTALL  I  TES  AND  l■NTERPACES  RANDOMLY  ORiENTED  WOULD  BEHAVE 
ELEGTRIGALLV  like  eAGKiiTO»BAGK  D  I  ODES  WITH  LOW  BREAKDOWN  POTENTIALS 
IN  Either  oiRegtiOn  OP  polarity.  It  has  Been  theorized  That  the 
EPPEGTS  of  the  grain  60U!NDAR|ES  in  the  POLYGRYSTALL  I  NE  LAVERS 
HAVE  been  to  "smooth  out"  THE  RE S I  ST ANGE -TEMPERATURE  CURVE  BV 
compensating  TGR  op  the  GRYSTALLITE  with  TGR  of  THE  BOUNDARVi 

Two  elEGTROn  miGROSGopE  PHOTOGRAPHS  OP  The  polycrysTall * nE 
LAYER  STRUCTURES (eTGHEP  AND  AS-DE POS I  TED )  WHICH  SHOW  GRAIN 
structure  have  seen  IMGLUDED  in  TME  SyPpLEMENTARY  DATA  $EGTI0N. 

Also  shown  is  a  lapped  cross^Sect ion  through  the  silicon 

LAYER  AND  ALUMINA  SUBSTRATE.  ThE  PENETRAtlON  OP  THE  ALUMINA 
CERAMIC  BY  THE  PYROUYT ICALLY  DEPOSITED  SILICON,  AS  OBSERVED 
IN  The  micro  photograpm,  provides  an  excellent  bond  between 
THE  resistive  layer  AND  ITS  SUBSTRATE. 


I  i:  I »  PETA  ItlD  fACTUAL  DATA  (  Cont  i  niucd  ) 


C  .  iRE  L  I  A  B  1 1  1 1  ¥  I  WiF  QiR  M  A  T  I  ON  ; 


The  follow  I  nig  table  lists  Some  of  the  M  rL«R»10’p9l3  rEqiu  i  rements 

AND  THE  ACTUAL  RESULTS  OBSERVED  I  N  TEST  I  NO  THE  MOLDED  POLYa 


CRYSTALLINE  SILICON  DEVlCESi 


Test  Performed 

M|L-R“10‘509D 

Re Ou IRE ME NT 
Char,  G 

Re  sults 

Re  S I ST ANGE  atEMPE  RATURE 
GHARACTER I  ST  IG 

±  y)  PPM 
(-src  TO  175»C) 

T  Y  P 1  GAL 
±500  PPM  AT 
$150  PPM  AT 

17^0 

TemPIratuRe  Cyglinig 

o*$5fo 

.30  MAX 
.12  AVG 

Uow^TEMPERATuiRE  Operation 

0.2^0 

.07  MAX 
,02  AVG 

Short-Time  Overload 

0.23% 

*07  MAX 
.Oh  AVG 

Overload  (jx)  for  i8  hoors 

1 .0  MAX 

Moisture  Resistance  (10  day) 

0.3% 

,21  MAX 
.10  AVG 

Load  Life  (lOOO  houir) 

0.3% 

.Ur  MAX 

•  1  "7  AVG 

{kb  DEVICES 
TESTED  AT  1 /gW) 


Data  in  this  section  iniCllioes: 

1.  Load  life  data  for  ^  molded  devices  tested  at  1g5°C  and 
l/g  watt  power  for  1000  hours. 
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NOT'E:  'Resistances  exceeding  iliOO 'Ohms  ore  recorded  os  percent  Irom  nommo'l  resistonce. 


'NOTiE;  Resistances  exceeding  i1>00  Ohms  ore  recorded  os  percent  ifrom  nominoil'  resi^ston  e 


NOTE :  Resistonces  exceeding  IlOO  Ohms  ore  recorded  as  iper.cent  :from  nomino:!  Tesiistonce. 


'NOT€  ;  Resistances  exceeding,  il^OO  Ohms  ere  ^recorded  os  ipercent  irom  nominol  resislonce. 


NGlTE:  iResistonces  ^exceeding:  iliOO  'Ohms  are  recorded  os  ipercent  from  :nomiirai‘res;i:stonce. 


.HL  \  ^  .1  .  I;  7  I 


INOiTE::  ;Res'i;slances  exceeding  iliOO  iOhins  are  recorded  os  ipercent  from  nomino'f  resistance. 


NOliEs  IR«sistgnc*s  •xcM^ihg  liOO  Ohms  org  recordgd  os  ipercont  from  nominal:  resisfonce. 


G.  ReL I AB i L I tY_jNF6RMAf ION  (CONt’o) 

Results  of  power  conditioning  devices  at  watts  for 

l8  MOUiRSi 

3*  TEMPERAtURE  CVCtiNG,  LOW-TEMPE RATuRE  OPERATION,  SHORT- 

time  Overload  data  on  Ten  devices^ 

4i  Moisture  resistance  data  on  ten  molded  devices. 

Several  elements  to  which  special  leads  were  attached  were  operated 
AT  20  watts  for  Five  minutes  DuRAtioN  with  an  Observed  resistance 
shift  of  less  Than  0.55^*  The  silicon  was  unprotected  from  the 
atmoSiPhERE.  This  test  indicated  The  inherent  stability  of  The 
silicon  element  with  regard  to  elevated  temperature  and  oxidizing 

AMBIENTS, 

P.  Manufacturing  Procedure: 

A  PROCESS  AND  material  FLOW  CHART  AND  A  PHOTOGRAPH  OF  A  DISPLAY 
SHOWING  STEPS  IN  FABRICATING  THE  POLYCRYSTALL I NE  SILICON  DEVICE 
MAY  BE  SEEN  ON  THE  FOLLOWING  PAGES, 

PETAILEO  MANUFACTURING  SPECIFICATIONS  FQR  AN  EPOXY  MOLDEP  DEVICE 
HAVE  BEEN  outlined  IN  THIS  SECTION  OF  THE  REPORT. 
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Ope RAT  I  ON 


Material 


OpER  AT I  ON 


PrE  paR  at I  ON  Of 
SUBStRATE 


Vapor 

DEPoBit I  ON 


Preparation  of 
SIU ICON 
ELEMENT 


Value 

Adjustment 

{ photo  etch) 


application  of 

OHMIC  ConTaC 


lead 

Attachment 


Alumina  Substrate  IIpoxy 
TriomlorOETHvlEne  I  UndERCOating 
acetone 

De ion  izeo  Water 

N I TR I C  AC  10 


Silicon 

TEfRAGMLORlOE 
PmosPhOROuS 
TR  ICHLORIOE 

Hydrogen 
HEl ium 

NlfROGEN 

TR I C  HL  OROE  TH YLE  NE 
M  YD  R  OF  L  uOR  I C  AC  1.0 
OE ION  IZEO  WATER 

acetone 

metal  etch  resist 
Photo  dEvEloPER 
Silicon  eTchant 
TR ichlORoEThylene 
Hydrofluoric  acid 
PE  ION  I Zed  water  | 
Acetone  i 

j 

Aluminum  Powder 
Copper  powoer 
Argon 

argon/h ydrogen(  95/5! 


X  Solder  flux 
X  Solder,  sn/ag  (95/5' 
X  pE ION IZEO  water 

X  ACEtONE 

2  Copper  leads  (ofhc) 


Tin  Dipping 


Epoxy  Casting 


Symbolization 


Texa§  Instruments 

INCORPpRATCO 
DALLAS.  TCXAf 


SILICON  RESISTOR, 

Epoxy  Encapsulation 
(Process  &  Material 
Flow  Chart 


sM  1  OF  1 
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VAPOR  OCPOSITED  SILICON 


K.M.E.R.  APPLIED  &  DEVELOPED 


VALUE  ADJUSTED  (Photo  Etchco) 


EPOXY  ENCAPSULATED 
SILICON  RESISTOR 
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Oi  Manufacturing  pRoCtouRe  (Cont'o) 

PRE  PA^T  ION  OF  SUBSTRATE 


IQUIPMENT 

1*  Pyrex  beakers 

Si  GuASS  STiRRlNG  RODS 

3.  UttRASONIG  CtCANER 

4.  Hot  puatE 

§i  PUASTIG  beakers 

MATERIALS 

1 i  TR ICHUOROEtMYLENE 

2.  A GET ONE 

3.  De ionizeo  water 

4.  N I  TRIG  AGIO 

5.  Methtu  ALCOHOU 

6.  AUUMINA  SUBStRAtES 

PROCEDURE 

1,  Place  substrates  in  beaker  of  methyl  algohol  and  put  in 

ULTRASONIC  CLEANER  FOR  A  MINIMUM  OF  THIRTY  (30)  MINUTES. 

Replace  methyl  alcohol  every  ten  (TO)  minutes  until  it 
REMAINS  clean. 

2,  R I nsE  in  acetone i 

3,  Wash  in  deionized  water, 

4,  Heat  in  solution  of  nitric  acid  until  boiling  is  reached 
Remove  and  let  set  for  five  (5)  minutes.  Pur  off  acid. 

5,  Rinse  in  pe ionized  water. 

6,  Store  in  acetone  until  required  for  deposit  ion. 
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Mamufacturing  procedure  (Cont'd) 


VAPOR  DEPOStTION  PRQCEDUR£ 

PREL IMINARY  ADJUSTMENTS 

(SEE  figure  Vapor  Depositiow  System) 

Check  valve  "E".  Valve  must  be  in  position  number 
ti  Turn  four»wav  valve  "D”  to  position  number  3- 
Turn  on  switch  "M"  To  activate  exhaust  FANi 
4i  Open  valve  "L"  and  ignite  pilot  light^ 

%  Adjust  powerstat  "0"  to  approximately  45^. 

NOTE:  Temperature  on  flash  evaporator  heating  tape  should 
be  approx imaTEly 

6.  Turn  on  valve  "6",  Cooling  aiR. 

7i  Turn  On  switch  "F”,  COOLiNG  WATER, 

NOTE:  Check  DRAin  FOR  proper  Flow. 

8.  Turn  on  valves  "I'%  "J",  and  "K",  Adjust  "K"  To  approx  i<- 

MATERLY  I5  PSlGJ  ADJUST  "J”  TO  8  PS  1 6;  ADJUST  " !"  TO  20  PS  16, 

REACTOR  OPERAT ING  PROCEDURE 

1.  Adjust  flowraters  "B",  "C"  to  indicate  13  slm  flow.  He. 

2.  Allow  He  to  flow  five  {3)  minutes. 

NOTE:  Check  exhaust  to  assure  unimpeded  flow  of  gas, 

3.  Position  substrates  on  ouartz  boat. 

4.  Open  reactor  and  place  boat  on  electrode  in  center  of  heat  zone 
3,  Close  reactor  and  allow  He  to  flow  one  (1)  minute, 

§,  Adjust  powerstat  "N"  to  control  electrode  to  approx  230*0. 

Allow  He  to  continue  flowing  for  four  (4)  minutes  minimum. 


D*  MANUFAGTUR  I  NG  i^OCtDORE  (CoNT'd) 

7i  Turn  on  emergency  switcM'  "H". 

Bi  Turn  vauve  '"E"  to  position  number 

NOTE:  Exmaust  must  liGNitE  within  apprOx  two  (2)  sEcONpSi 
If  it  does  not  ignite.  Turn  valve  "E"  to  position 
number  1  And  check  Equipment  for  gas  supply  OR  Obstructed 
Exhaust  line 4  With  Assurance  Of  proper  EQuiPMCNf  setup, 
repeat  step  8i 

9.  Adjust  flOwraters  "S”  and  "G”  to  indicate  15  slm  flow,  Hg. 
10»  Adjust  powerstat  "n"  to  control  electrode  to  approx  600“Gi 

11.  Adjust  flowrater  "A"  to  indicate  U5  ml/min.  flow, 

SiGli^  (l)* 

12.  Adjust  powerstat  "N“  to  control  electrode  To  1150®G  ±10*G. 

15.  Turn  fouR-way  valve  "D^''  to  position  number  4  STARTiNG 

pEPOSlTlON  AND  ALLOW  To  CONTINUE  FOR  DEFINED  TIME. 

14.  Turn  valve  "D"  to  position  number  3  stopping  deposition. 

15.  Close  FlowRaTER  "A". 

16.  Allow  one^half  {1/2)  minute  minimum  to  clear  system. 

17.  Adjust  powerstat  "n"  to  zero. 

18,  Allow  one«halF  (1/2)  minute  to  cool. 

19.  Turn  valve  ”f"  to  position  number  1  and  allow  He  to  flow 
for  five  (5)  minutes. 

PREPARAT ION  OF  SIL ICON  ELEMENT 

EQUIPMENT 

1 .  Pyrex  beakers 

2.  Glass  stirring  rods 

3.  Plastic  beaker 
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Exhaust  \ 


FIGURE  14 


Di  Manufacturing  PRocCDune  (Cont'd) 


MATIRIALS 

1  i  TRIGHIUORGEtHYLENE 

2  k  H  V  DRG  r  L  UOR 1C  AC  1 6 
3i  OEIONiZCO  WATER 

4i  Acetone 

5,  Vapor  deposited  sieicOn  Elements 

PROCfDURE 

li  R I NSE  IN  ACE Tone. 

2.  Rinse  in  deionized  water, 

3.  Wash  in  10^  solution  of  hydrofluoric  acid  FOR  five  (5) 
minutes.  Pour  oFf  aciO. 

4.  R I NSE  IN  deionized  WATER. 

5*  Store  in  AcctoNc  until  rcquiRED  for  ohmic  contact 

APPL ICATI ON. 

VALUE  ADJUSTMENT  ( PHOTO  ETCH) 

EQUIPMENT 

1,  Centrifugal  spinner 

2,  Drying  oven  capable  of  maintaining  120®C 

3,  Light  exposure  tower 

4,  Photo  pattern 
3,  Hot  plate 

6,  Plastic  beakers 

7,  Glass  beakers 
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Manufacturing  Proceourc  (CoNt'e) 


MATERIALS 

1 i  Kodak  Metal  £tcm  Resist  (KMEr) 

2.  Photo  oeveloper 

Silicon  etcmanT  number  39£ 

4 .  T  R  I  GH  L  OR  OE  T  H  Y  LE  NE 

5.  Hydrofluoric  acid 

Si  DE  I  ON  I ICO  WATER 

7i  Acetone 

Si  Methyl  alcohol 

9i  Prepared  silicon  elcments 

PROCEDURE 

CAUT ION ;  All  KMER  work  must  be  kEPT  away  FRom  direct  light 

until  elements  are  exposed  and  DEVELOPEDi 

1i  Place  prepared  silicon  elements  on  the  centrifugal 
spinner  (silicon  side  up). 

2.  Apply  KMER  in  props  on  the  element  (cover  Element 
completely) . 

^i  Turn  spinner  on  and  allow  the  excess  KMER  To  be  thrown 
OFF.  A  UNIFORM  THIN  LAYER  IS  PESIREP,  DO  NOT  rNeREASE 
SPINNER  ACTION  ENOUGH  TO  MOVE  ELEMENTSi 

4.  Cure  at  room  temperature  for  a  minimum  Of  Ten  (10)  minutes 

3.  Bake  at  120*0  FOR  ten  (TO)  minutes.  Allow  to  cool. 

6.  Photo  mask  with  desired  pattern  and  expose  for  2ml/2 
minutes.  Make  sure  mask  is  held  tight  against  the  element 


D.  Manufacturing  Prqc;ep'U«e  (GoNit'o) 


7»  llPflAV  DEVELOPER  ON  ELEMENTS  UNTIL  PATTERN  IS  CLEAR s 
Dry  WITH  AIR  SiPRAY  fo  ASSOiRE  COMiPLETE  DEVELOPMENT » 

8.  Bake  at  1^“G  FOR  twenty  (iO)  minutes.  Allow  to  cool 

9.  Itch  in  silicon  etchant  number  391  until  pattern  is 
CLEAN  AND  SHARP.  DO  NOT  PROLONG  ETCHING.  PROLONGED 
etching  will  undercut  KMGR  and  DESTROY  PATTERN.  POUR 


OFF  AGIO. 


10.  Rinse  in  deionized  water. 


1 1 i  GlE A N i NG  PROCESS ; 

11*1  Boil  Elements  in  TRiCHLOROETHYLENE  five  (5) 
minutes  to  remove  KMER.  Make  sure  all  KMER 
IS  removed. 


11. i  R I N SE  IN  methyl  alcohol. 

11.3  Rinse  in  10^  Solution  hydrofluoric  acid. 
(Use  PLAstiG  beaker.)  Pour  off  acid. 

11.4  Bo  I L  IN  oeionizep  water  five  (5)  minutes. 


12.  gTORE  IN  acetone  UNTIL  READY  FOR  APPLICATION  OF  QHMIC 
contact. 


APPLIGATION  OF  OHMIG  GONTAGT 

EQU I PMENT 

1.  Masking  jig 

2.  Plasma  spray  gun  (Plasmadyne  Corporation,  Santa  Ana, 
Galifornia)  (see  figure  13) 
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Plasma  Spray  Gun  and  Masking  Jig 
FIGURE  15 
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Manufacturing  ProccooRe  (Cont'd) 

materials 

is  AuUMINOH  POWOiER  (*525  MESw) 

2s  Copper  powdER  (-325  mesh) 

3s  Argon 

Argon  s-hydrogen  95/5 
54  Prepared  silicon  elements 

PROCEDURE 

1.  Mount  Silicon  elements  on  masking  jiGs 

2,  Place  a  s500”  mETal  mask  On  The  elements  allow ing 
approximately  ,075"  OF  Enos  exposed  on  each  sioEs 

3s  Spray  the  Exposed  end  with  aluminum  powder  using  the 
manufacturer's  instruction  for  operation  of  The  plasma 
spray  gun  (S6-3)s  Amperes  setting  of  375' 
lls  spray  aluminum  contact  with  an  overcoat  of  copper  powder 

USING  manufacturing  INSTRUCTIONS  MENTIONED  IN  PARA.  3* 

Amperes  setting  of  250. 

5s  Remove  elements  from  uig  and  store  in  proper  containers 
until  required  for  lead  attachment. 

LEAD  ATTACHMENT 

EQUIPMENT 

1.  Solder  iron  (to  watt) 

2.  Lead  attachment  holding  u)g  (see  figure  1@) 

3.  Ceramic  plates 


Lead  Attachment  Holding  J 


FIGURE  16 


MANUF  AC  t  U'R  I NG  PROCED  UM  (  CONT  '  D  ) 


materials 

1  i  SoUD'ER  Sn/AG  95/5 

2 4  Solder  flux 

3*  ©ElONiZEO  WATER 

4.  Age TONE 

5*  Copper  leads  (OFHG) 

6i  Ohmig  con Tag t  applieo  elements 

PROGEOURE 

1i  Ojj.  END  OF  ELEMENT  INTO  SOLDER  FLUX» 

2i  PljACe  On  geRamig  plate  and  apply  hot  soldering  iron  with 
EXCESS  Solder  on  tip  to  The  copper«»coated  area*  Allow 
The  solder  to  flow  and  cover  the  ommiC  contact  area. 

3.  Re  peat  steps  (i)  and  (2)  for  opposite  end  of  element. 

4.  Place  tinned  Element  into  holding  jig. 

5»  Pip  End  of  lead  wire  in  solDER  Flux  and  place  in  lead 
GROOVE  allowing  THE  FLOXED  END  TO  EXTEND  THE  FULL  LENCTH 
OF  THE  Tinned  area, 

6,  Apply  hot  solder  iron  with  excess  solder  on  tip  to  lead 
WIRE.  Allow  solder  to  flow  around  wire  and  cover  tinned 
area.  Remove  soldering  iron.  DO  NOT  MOVE  unit  until 
solder  has  set. 

7.  Re  peat  steps  (5)  and  (6)  for  other  end  of  element. 

8,  Wash  elements  in  deionized  water  to  remove  flux. 

9.  Rinse  in  acetone  and  allow  to  dry. 

TO.  Store  in  proper  container  to  prevent  contamination  until 
reciuireo  for  epoxy  unoercoating. 


Di  Manufacturing  Procedure  (Gont'd) 


TW  DJ;PPIiNG 

Equipment 

1.  Solder  pot  capabie  of  maintaining  SOO^C. 

MATERIALS 

1 4  Solder  Pb/Sn  7^/30 
2i  SuPERioR  FLUX  number  30 
54  Tweezers 
44  Methyl  alcohol 
%  fpoxY  unpercoateo  elements 

PROCEDURE 

Grasp  element  with  tweezers 

2i  Dj^  approximately  1/2  The  distance  of  lead  wire  into 
Solper  Flux. 

3.  Dip  fluxed  leads  in  moltant  solder  up  to  the  painted 
element,  do  not  prolong  time  in  solder  pot.  Remove 
FROM  the  solder  at  a  steady  rate. 

4.  Wash  units  in  methyl  alcohol  to  remove  flux. 

5.  Allow  to  dry  and  store  in  proper  container  until 

REQUIRED  FOR  EPOXY  CASTING. 
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Manufacturing  Procedure  (Gont'd) 


EPOXY  UNDGRGOAT ING 


EQU IPMENT 

1 »  P  a  I  N  T  BR  U  SH 

materials 

1.  Epoxy  paint  (mica  FitLEO)  (2  parts  paint;I  part  »13  mesh 
mica  by  weight) 

2.  Epoxy  paint  thinner  (1:1  CeelOsOlve  acetate  and 

ISOPROPYL  ALCOHOL  «  BE  WEIGHT) 

3^  lead  attached  elements 

procedure 

1«  Mjx  paint  thoroughly  until  mica  is  well  in  SUSPENSlONi 

2.  APPLY  A  COAT  OF  PAINT  TO  THE  SILICON  ELEMENT  SIDE  OF 

The  substrate.  Make  sure  the  contact  is  complEtelt  covered 

5.  Air  Dry  a  minimum  of  Thirty  (30)  minutes  aT  38®C. 

4.  Bake  Fifteen  (15)  hours  at  aOO®G. 

3.  Allow  units  to  cool  to  Room  tEMPERATORE. 

6.  Store  units  until  required  for  tin  dipping. 

MOLPING 

Manufacturer's  specifications  for  casting  a  semiflexible  epoxy 
molding  compound  were  followed  for  final  encapsulation  of  the 
DEVICE.  Silicone  rubber  molds  were  used  for  both  in-line  and 
RAD|AL«LEAP  configurations. 


RECQMMENDAT  LONS 

The  PYROLYf I€  sit  icon  resistor  ©EVEtOPED  UNDER  THIS  CONTRAGT  DID  NOT 
GOME  UP  TO  EXPEGTATIONS  WITH  RESPEGT  TO  TOR  (ovER  THE  TEMPERATURE 
RANGE  OF  TO  +175“G).  Th  FAGTy  THE  TCR  IN  THE  LOW  TEMPERATURE 

REOioN  WAS  greater  Than  That  normally  exhibited  by  garbon-film 
RESisToRSi  The  TGR  above  room  tempeRaTuRe,  at  65“G  and  175*G> 

AVERAGED  APPROXIMATELY  1  JO  PPm/*G.  TO  SUBSTANTIALLY  IMPROVE  THESE 

TGR  ghaRagteRistigs,  i.e.  flatten  the  R  vs  T  gurve>  would  REOuiRE 
gOnSioeRaBly  more  FumoamenTal  REseargh  effort  Than  that  expenoeo  In 

This  GONTRAGTi 

A  possible  APPROAGH  To  be  considered  in  any  future  RESEARCH  effort 
WOULD  BE  to  DOPE  THE  SILICON  WITH  MORE  THAN  ONE  IMPURITY  OF  THE  SAME 
TYPE,  EiGij  phosphorus  And  ARSENIC,  in  hope  OF  MINIMIZING  The  slope 
OF  THE  resistivity  CURVE  IN  THE  LOW  TEMPERATURE  REGION.  ThIS>  IN 
effect,  might  be  Equivalent  to  doping  with  an  impurity  of  varying 
activation  energy.  Such  a  program  would  be  very  extensive  and  had  to 
BE  egNsipERED  outside  the  realm  of  this  eoNTRAGT.  Justification  of 
such  an  effort  would  rest  mainly  upon  the  additional  advantages  (other 
than  TGR)  which  might  ENsgE.  One  of  the  advantages  already  demonstrated 
WITH  The  present  device  is  its  resistance  to  oxidation  and  high 
temperature  capabilities.  Even  so^  continuation  of  the  R&D  effort  -to 
REDyCE  the  TCR  OF  the  silicon  device  is  not  advised.  Neither  is  a 

MANUFAeTURING«METHOPS  TYPE  CONTRACT  RECOMMENDED  FOR  EXPLOITING  THE 
PROCESS  thus  far  evolved. 
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IV.  RECOMMiNDATidNS  (Continued) 

I  -- — - 

In  spite  of  the  INAeiLITV  to  meet  the  gontract  objegtivES  with  the 
1  SiUlGON  EAYER  RESISTIVE  ELEMENT^  SOME  THOUGHT  WAS  GIVEN  TO  PIL0T»E!NE 

I'  OR  COMMERG lAt-^SGALE  PRODUGTjON.  PVROUVTIG  DEPOSITION  OF  SILICON  BY 

hydrogen  REDUCTION  OF  THE  HALIDE  IS  A  WIDELY  USED  PROCESS  TN  THE 
j  SEM  I  CONDUCTOR  INDUSTRY,  AND  CONT I NUOUS  DEPOS I T I  ON  SYSTEMS  HAVE  BEEN 

^  PROPOSEO. 

I 

p  The  silicon  resistor  at  this  stage  of  its  development  has  certain 

PROPERTIES  WHICH  SUGGEST  POTENTIAL  USES.  ONE  OF  THESE  IS  STABILITY 

j  AT  elEvated  temperatures.  It  was  recommended  that  a  pyrolytic 

(polyCrystalline)  silicon  device  unprotected  From  the  atmosphere  would 
operate  at  power  levels  Sufficient  to  raise  its  temperature  to  red 
;■  heat.  Only  a  small  change  in  resistance  ('*^1.0}?)  resulted  from  this 

treatment.  This  would  Suggest  the  possibilities  of  the  silicon 
resistive  element  for  migm^TemperaTure  Devices. 

Finally,  the  h igh-temperature  capabilities  of  the  devices  would  reouirE 
A  package  which  could  withstand  the  abuse  of  excessive  heat  and 
oxidation.  The  packaging  material  shOULP  also  provide  good  heat 
dissipation  for  the  element.  Combinations  of  ceramics  and  glass  could 

BE  DESIGNED  TO  PROVIDE  A  FINAL  ENCAPSULATION  FOR  THIS  DEVICE. 

Packages  similar  to  those  presently  usco  for  power  rectifiers  might 


ALSO  BE  APPLICABLE 


^PPLEMENTA^  DATA 
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1DA¥A  SHEET  (16-25) 
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Optimize  conditions 
vapor-depoS I t Ion  pf 0 
cess  for  control  able 


runs 


Adjust  resistance  by 
eiectrcn  beam  scribe  I 
Inf  and  photo- res  1st  ^ 
etch  I ng 

Improve  ohmile  contacts 
for  gpea ter  mechanical 
strength  and  poMer 
dlss ipatlon 


Determine  effect  of 
Substrate  resistivity 
on  TGR  of  epitaxial 
Jayer  elements _ 

increase  sheet  resis¬ 


tivity  of  diffused  and 
vapor-depos I  ted 


elements 


Investigate  effect  of 
thermal  history  and 
layer  thickness  on  TCR 
of  vapor-dep  elements 

Design  a  package  for 
encapsulation  Of  ele¬ 
ments  for  envlronmen- 


SCHEDULE  AND  PERFORMANCE  FOR  PHASE  1 1 
BuSHIPS  CONTRACT  NObsr  85406 
SEMICONDUCTOR  RESISTIVE  ELEMENT 


tal  test^lng_  _ _ 

Lower  TCR  of  elements 
to  meet  contract  ob¬ 
jective  performance 
(or  request  change  In 
spdes) 

Fabricate  and  test  a 
sufficient  number  of 
finished  devices  for 
rellsfelllty  Informetfgn 

Bulld>  test  and  submit 
20  pf  best  (lowest  TCR 
most  stable,  etc.)  ele 
ments  to  BuShlps 


Evaluate  and  furnish 
iso  engineering  sam¬ 
ples  of  low  TCR  de¬ 
vices  to  BuShips 


Complete  final  engin¬ 
eering  report 


Jan,  Feb.  Mar. 


‘  „  _L  _  ^  *  ,  *  *  ‘  ‘ _ 

Apr.  May^  June  July  Aug,  Sept,  Oct,  Nov,  Deb, 

4S  RAR  -  3/21/62 


A.  Micro  Photograph  of  Epitaxial  Silicon  Layer, 
Stained  and  Viewed  under  Sodium  Light 
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Etched  Alumina  Substrate 
lOOOx 
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Ppiyer/stql line  Silicon  (60POx) 
Etched  Surface 
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Lapped  CFoss^Section  Through 
Silicon  Layer  ^  Alumina  Substrate 
(40Ox) 
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1^.600  "  -=*| 

Silicon  Pepositod 
on  Coramic  Subfirafe 


Resistance  Adjust 


Ohmic  Contacts 
Applied 
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Lead  Attachment 


ASSEMBLY  AND  PACKAGING 
FLOW  DIAGRAM 

SO 


GONIFIGURATION  FOR  POLYGRVSTALLI  Nl  ILEMINTS 
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NOIiE;  Resistances  exceeding  KOO  Ohms  are  recorded  as  percent  from  nominal 


1 


nme:  R..i.,«nc..  .Kcdin,  j;00  Ohm.  o«  »c«M  0^  ,p.,c.n,  f„m.non.i«.l  r..i...nc. 


S IGNATURES 


This  concludes  the  Final  Cnoineerino  Report  roR  Semiconductor  Resistive 
Elements  under  Contract  NObsr-S^^IOG. 


Rodoe^B.  Herrington 
OPERAfrioNS  Contract  Manac 
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